Here, we identify a panel of melanoma lines with non-V600E mutations in BRAF. These G469E-and D594G-mutated melanomas were found to exhibit constitutive levels of phospho-extracellular signal-regulated kinase (pERK) and low levels of phospho-mitogen-activated protein kinase/ERK kinase (pMEK) and were resistant to MEK inhibition. Upon treatment with the CRAF inhibitor sorafenib, these lines underwent apoptosis and associated with mitochondrial depolarization and relocalization of apoptosis-inducing factor, whereas the BRAF-V600E-mutated melanomas did not. Studies have shown low-activity mutants of BRAF (G469E/D594G) instead signal through CRAF. Unlike BRAF, CRAF directly regulates apoptosis through mitochondrial localization where it binds to Bcl-2 and phosphorylates BAD. The CRAF inhibitor sorafenib was found to induce a timedependent reduction in both BAD phosphorylation and Bcl-2 expression in the D594G/G469E lines only. Knockdown of CRAF using a lentiviral shRNA suppressed both Bcl-2 expression and induced apoptosis in the D594G melanoma line but not in a V600E-mutated line. Finally, we showed in a series of xenograft studies that sorafenib was more potent at reducing the growth of tumors with the D594G mutation than those with the V600E mutation. In summary, we have identified a group of melanomas with low-activity BRAF mutations that are reliant upon CRAF-mediated survival activity.
Introduction
The discovery of activating V600E BRAF mutations in approximately 50% of melanomas has raised the expectations for targeted therapy (Davies et al., 2002; Houben et al., 2008) . The main downstream target of the BRAF V600E mutation is the mitogen-activated protein kinase (MAPK) pathway, and it is known that high constitutive MAPK activity accounts for the increased proliferation rates, enhanced cell survival and invasive behavior of melanomas (Smalley, 2003; Gray-Schopfer et al., 2007) . As a result, the pharmacological targeting of BRAF/MAPK signaling in melanoma is now being intensively studied in both the clinical and preclinical settings (Eisen et al., 2006) .
There is now a growing realization that there are a substantial group of melanomas (>33%) that do not harbor BRAF V600E mutations that may require alternate therapeutic strategies. One possible alternate oncogene in melanoma is the closely related serinethreonine kinase CRAF (or Raf-1). Like BRAF, CRAF is also associated with the plasma membrane and can activate MAPK signaling (Kyriakis et al., 1992) . However, unlike BRAF, CRAF also has other functions independent of MAPK signaling and is known to regulate downstream effectors such as MST-2 and ASK-1 (Chen et al., 2001; O'Neill et al., 2004) . Another intriguing aspect of CRAF signaling is its association with the mitochondria, where it directly regulates apoptosis independently of MAPK signaling (Wang et al., 1996a, b) . The anti-apoptotic effects of CRAF arise through its direct binding to Bcl-2 (Wang et al., 1996a) , an interaction that leads to the phosphorylation of BAD (von Gise et al., 2001; Jin et al., 2005) . Although melanomas are not known to harbor activating CRAF mutations, it has been shown that melanomas harboring mutations in NRAS may signal through CRAF (Dumaz et al., 2006) . Recent studies have also shown that BRAF can activate CRAF, through direct protein-protein interaction and the phosphorylation of CRAF by BRAF (Dhomen and Marais, 2007) . Although most work to date has focused upon the BRAF V600E mutation, at least 70 other low-frequency BRAF mutations have been identified (Wan et al., 2004) . Unlike the BRAF V600E mutation, which can activate MAPK signaling directly, many of the other BRAF mutations are of 'low-activity' and are only able to weakly activate MAPK signaling in isolated kinase assays (Wan et al., 2004) . However, when these same low-activity BRAF mutants are expressed in COS-1 cells, they induce high levels of constitutive MAPK activity: a process driven through the activation of CRAF (Wan et al., 2004) .
In this study we identified a panel of melanoma cell lines with three non-V600E BRAF mutations (K601E, G469E and D594G). Two of these (G469E and D594G) are low-activity BRAF mutants and these cell lines are highly resistant to treatment with a mitogen-activated protein kinase/ERK kinase (MEK) inhibitor but highly sensitive to sorafenib-induced apoptosis. Sorafenib is a kinase inhibitor that has undergone extensive clinical evaluation in melanoma. Although suggested to be a BRAF inhibitor, sorafenib actually has a fourfold higher selectivity for CRAF>BRAF, as well as inhibitory effects against a number of other kinases (Wilhelm et al., 2004) . Here, we have shown that CRAF inhibition using either sorafenib or a CRAF shRNA led to a MEK-independent decrease in Bcl-2 expression and apoptosis. It is therefore likely that there exists a group of melanomas with low-activity BRAF mutations that may be highly sensitive to sorafenib-induced apoptosis.
Results
Identification of human melanomas with low-activity BRAF mutations with sensitivity to sorafenib-induced apoptosis Most studies to date have focused upon the role of the BRAF V600E mutation in melanoma. In this study, we profiled a total of 90 melanoma samples that were mutationally screened for mutations in BRAF (Exon 11 and 15), NRAS and KIT, in the order indicated in Supplementary Figure 1 . The most prevalent mutation was the Exon 15, BRAF V600E mutation (Table 1) . A number of other V600 mutations, such as V600K and V600R, were also identified, although at much lower frequency. One patient was identified with a low-activity Exon 11, G469A BRAF mutation. The next most significant group of patients harbored mutations in NRAS, with a limited number of patients harboring mutations in KIT (Table 1) . Mutational profiling of our melanoma cell line panel identified three cell lines with non-V600E mutations in BRAF (Table 2 ). Of these cell lines, one (WM3629) had the D594G BRAF mutation, another (WM3670) had the G469E BRAF mutation and one line (WM3130) had a K601E BRAF mutation.
Western blot analysis revealed all three of the non-V600E BRAF mutant cell lines to have constitutive levels of phospho-extracellular signal-regulated kinase (pERK) (Figure 1a) . Levels of pERK were only serumdependent in the 1205Lu and WM3629 cell lines (Supplementary Figure 2) . The BRAF V600E-mutated and the K601E melanoma cell lines also had constitutive phospho-MEK (pMEK), whereas this was lacking in the cell lines with the D594G (WM3629) and G469E (WM3670) BRAF mutation ( Figure 1a) . All of the cell lines tested had some degree of phospho-AKT activity. Although the low-activity mutant melanoma cell lines retained PTEN expression (Figure 1a) , the protein was phosphorylated, indicating its inactivity.
Previous studies have suggested that the presence of the BRAF V600E mutation predicts response to MEK inhibition (Solit et al., 2006) . Here, we show that the D594G (WM3629) and the G469E (WM3670) melanoma cell lines are nearly completely resistant to the growth inhibitory effects of the MEK inhibitor U0126 (Figure 1b) . In contrast, the melanoma cell lines harboring either the BRAF V600E or K601E mutation were markedly growth-inhibited following U0126 treatment (Figure 1b) . Interestingly, the D594G mutated melanoma line WM3629 was highly sensitive to growth inhibition following treatment with the kinase inhibitor sorafenib (Figure 1c ), whereas the cell lines with the V600E, G469E and K601E BRAF mutations were growth-inhibited, but not as highly sensitive. (Figure 2a ). The two cell lines with the BRAF V600E mutation (1205Lu and 451Lu) were found to undergo only a G1-phase cell cycle arrest (Figure 2a ) and the cell line with the K601E BRAF mutation underwent limited apoptosis (o15%). Treatment of three NRAS-mutated melanoma cell lines (WM1361A, WM1366, WM1346) with sorafenib (3 mM, 24 h) showed a G1-phase cell cycle arrest but no apoptosis induction (not shown). Treatment of the V600E-, D594G-, G469E-and K601E-mutated melanoma lines with U0126 (30 mM, 24 h) did not lead to apoptosis induction, demonstrating that the sorafenib-induced apoptosis was MEK independent (not shown). As CRAF is known to regulate apoptosis at the level of the mitochondria, we next looked at the ability of sorafenib in reducing mitochondrial membrane potential using tetramethyl rhodamine methylester (TMRM). Treatment of the D594G-and G469E-mutated melanoma cell lines, with sorafenib (3 mM, 8 h) led to 31 and 36% loss of TMRM, respectively, compared with a TMRM loss of 10% in the BRAF V600E-mutated 1205Lu cell line ( Figure 2b ). Consistent with the increased TMRM loss seen in the low-activity BRAF-mutated melanoma cell lines, it was also shown that sorafenib (3 mM, 0-24 h) induced a selective cleavage of caspase-3 in the WM3629 and WM3670 cell lines ( Figure 2c and not shown) and not the 1205Lu cell line. Pretreatment of the WM3629 cells with z-vad-FMK (15-50 mM) was not found to significantly reduce the extent of apoptosis induction, indicating that caspase cleavage may have been a secondary effect of apoptosis induction. Although sorafenib was not pro-apoptotic in the 1205Lu cell line, it induced p53 expression in a concentration-dependent manner, whereas treatment of the WM3629 cell line with sorafenib did not alter the expression of p53 (Supplementary Figure 3A) . Interestingly, the upregulated p53 in the 1205Lu cell line was not associated with increased p21 expression, demonstrating a lack of transcriptional activity. Apoptosis arising following mitochondrial depolarization is also known to involve the release of apoptosis-inducing factor (AIF) from the mitochondria and its relocalization to the nucleus. Initial studies, costaining the WM3629 cells with both mitotracker orange and AIF, showed that AIF associated with the mitochondria (Supplementary Figure 3B) . It was further found that treatment of the WM3629 and WM3670 cells with sorafenib (3 and 10 mM, 24h) but not U0126 (30 mM, 24 h) led to the nuclear localization of AIF (Figure 3 ). At the same time, sorafenib treatment also led to the loss of mitotracker orange staining, demonstrating loss of mitochondrial integrity. Figure 1 Melanomas with low-activity BRAF mutants have low pMEK and are resistant to MEK inhibition. (a) Protein expression of phospho-ERK (pERK), total ERK (tERK), phospho-MEK (pMEK), total MEK (tMEK), phospho-PTEN (pPTEN), total PTEN (PTEN), phospho-AKT (pAKT) and total AKT (AKT) in melanoma cell lines with the BRAF V600E mutation (1205Lu, 451Lu), the K601E mutation (WM3130), the D594G mutation (WM3629) and the G469E mutation (WM3670). (b) The G469E-and D594G-mutated melanoma cells are resistant to MEK inhibition. Cells were treated with increasing concentrations of a MEK inhibitor (U0126) (3 nM-10 mM) for 72 h and cell proliferation was measured by the MTT assay. (c) D594G-mutated melanoma cells are highly sensitive to the CRAF inhibitor sorafenib. Cells were treated with increasing concentrations of sorafenib for 72 h; cell proliferation was measured as in (b) . Data shows the mean of three independent experiments±s.e.m.
Sorafenib induces apoptosis by modulating Bcl-2 expression in a MEK-independent manner
Having shown that sorafenib-induced apoptosis was independent of MEK inhibition, we next turned our attention to the mechanism of sorafenib-induced apoptosis in the D594G-and G469E-mutated melanoma cell lines. We first examined the relative selectivity of sorafenib to block pERK activity in the V600E-and D594G-mutated melanoma cell lines. Sorafenib completely blocked pERK activity of the D594G-mutated cell line WM3629 at o100 nM, whereas little effect was seen in the 1205Lu cell line until 3 mM of sorafenib ( Figure 4a ). As this possibly indicated that sorafenib was having a CRAF-specific effect in the WM3629 cell line, we next tested the ability of the MEK inhibitor U0126 to inhibit pERK in the two cell lines and found that U0126 had equivalent activity in inhibiting pERK in the WM3629 and 1205Lu cell lines (Figure 4b ), suggesting that the selective effects of sorafenib upon the WM3629 cell line were likely to be CRAF mediated.
CRAF is known to suppress apoptosis through a direct association with Bcl-2. Cellular fractionation studies showed CRAF to be associated with the mitochondria in both the WM3670 and WM3629 cell lines (Supplementary Figure 4) . Sorafenib treatment led to a time-dependent (o8 h) downregulation in both Bcl-2 and phospho-BAD expression in the two cell lines with the D594G and G469E BRAF mutations, but not those with either the V600E or K601E BRAF mutation (Figures 4b and c and data not shown) . In contrast, treatment of the cells with U0126 (30 mM) was not found to reduce Bcl-2 or phospho-BAD expression in the WM3629 and WM3670 cell lines, again suggesting that the effects of sorafenib were MEK independent ( Figures  4b and c) . Sorafenib treatment was also found to downregulate expression of Mcl-1 (Supplementary Figure 5) . The effects of sorafenib upon Mcl-1 expression were likely to be independent of BRAF mutational status, as similar effects were observed in both the 1205Lu and WM3629 cell lines.
CRAF shRNA knockdown reduces MAPK signaling and induces apoptosis in a low-activity BRAF-mutated melanoma cell line We next looked at the prosurvival role of CRAF signaling in the WM3629 cell line. Infection with an shRNA targeted against CRAF led to protein knockdown (Figure 5a ). The shRNA construct that gave the best level of CRAF knockdown (clone no. 3) was found to inhibit pERK in the WM3629 cell line, but not the 1205Lu cells, suggesting that ERK activation is mediated, in part, through CRAF. Knockdown of CRAF using shRNA clone 3 was also shown to reduce the expression of Bcl-2 and pBAD in the WM3629 cell lines, but not the 1205Lu cell line (Figure 5a ). The downregulation of CRAF expression was also found to induce apoptosis in the WM3629 cell lines, but not the 1205Lu cell line, as characterized by the appearance of a sub-G1 peak (24% apoptotic cells) (Figure 5b ) and increased TdT-mediated dNTP nick end labeling staining ( Figure 5c ). As further demonstration of the essential role of CRAF in the survival of this subgroup of melanoma cells, we showed that shRNA knockdown of CRAF led to a marked suppression of tumor-forming ability in vivo (Figure 5d ). In a final series of studies, we demonstrated that the shRNA knockdown of Bcl-2 increased apoptosis in the WM3629 cell line (Supplementary Figure 6A-C) , demonstrating the importance of Bcl-2 expression in maintaining the survival of melanoma cell lines with the D549G BRAF mutation.
Sorafenib induces some regression of D594G BRAF-mutated melanoma xenografts, but only slowing of BRAF V600E-mutated melanoma xenografts We next grew both the WM3629 and 1205Lu cells as tumor xenografts in severe combined immunodeficient (SCID) mice, to assess whether sorafenib had any selective effects upon the D594G-mutated WM3629 cell line. After tumor establishment (5 Â 5 mm), mice were dosed three times per week with either vehicle or sorafenib tosylate (60 mg/kg) by oral gavage. After 14 days, it was found that sorafenib treatment had suppressed growth of the WM3629 cell line (Figure 6a ), leading to some degree of regression. In contrast, although sorafenib treatment reduced the growth of the V600E-mutated 1205Lu melanoma xenograft, these tumors continued to grow in the presence of drug (Figure 6b ).
Discussion
Although the most prevalent activating oncogene in melanoma is the V600E-mutated form of BRAF, there Figure 3 Sorafenib but not U0126 leads to the nuclear relocalization of apoptosis-inducing factor (AIF). WM3629 and WM3670 cells were treated with either vehicle (control), sorafenib (3 mM, 24 h) or U0126 (30 mM, 24 h) before being fixed, permeabilized and stained for AIF (green) and DAPI (blue). Original magnification Â 60. See online version for colour figure.
Figure 4 Sorafenib decreases Bcl-2 and pBAD expression in lowactivity BRAF mutant melanoma cells in a MEK-independent manner. (a) Sorafenib potently inhibits pERK activity in the D594G BRAF-mutated cells. 1205Lu (V600E)-and WM3629 (D594G)-mutated melanoma cells were treated with either sorafenib (0.1-3 mM, 1 h) or U0126 (0.3-10 mM, 1 h) before being extracted, resolved and probed for either pERK (pERK) or total ERK (tERK). (b) Sorafenib reduces Bcl-2 expression in the D549G-and G469E-mutated melanoma lines in a MEK-independent manner. Cells were treated with either sorafenib (3 mM, 0-24 h) or U0126 (30 mM, 0-24 h) after which time protein was extracted, resolved and probed for expression of Bcl-2. Blots were stripped and probed for actin to demonstrate equal protein loading. (c) Sorafenib selectively downregulates BAD activity in the D594G-and G469E-mutated melanoma cell line in a MEK-independent manner. Cells were treated with drug as in (b), and resulting protein extracts were probed for expression of Ser75 pBAD (pBAD) and total BAD (tBAD). Blots were stripped and probed for actin to demonstrate equal protein loading. remains a very large group of melanomas (>33%) of which very little is known. This study has identified a group of melanomas with low-activity non-V600E mutations in BRAF, a reliance on CRAF signaling and sensitivity to the pro-apoptotic effects of sorafenib/ CRAF knockdown. In agreement with all published studies to date, most of the mutations in BRAF identified in our patient population (>95%) were Exon 15 mutations at the V600E position (Davies et al., 2002) .
Only one Exon 11 mutation, the G469A, was identified in our clinical specimens, suggesting that these mutations are relatively rare. In contrast, analysis of our cell lines identified two Exon 11 mutations, the D594G and G469E. The apparent lack of D594G mutations in our clinical population is likely a result of the relatively small sample size in this study.
Previous biochemical analysis of the BRAF D594G-and G469E-isolated kinase assays showed them to be 'low-activity mutants' with impaired ERK activation (Wan et al., 2004; Garnett et al., 2005) . Relative to BRAF V600E, which was assigned a kinase activity score of 478, the D594G and G469E mutants were found to have kinase activities of 0.6 and 1.8, respectively (Wan et al., 2004) . However, when these mutants were expressed in COS-1 cells, they were found to activate ERK, through a mechanism involving the transactivation of CRAF (Wan et al., 2004) . The other BRAF mutant identified, K601E, is suggested to be an intermediate activity mutant with a kinase activity score of 138 (Wan et al., 2004) ; unlike the low-activity mutants, the K601E is not thought to require CRAF for its MEK activity.
The two cell lines with low-activity BRAF mutations were found to have constitutive pERK activity, but very low pMEK activity. Although the presence of constitutive pERK in the low-activity BRAF mutant melanoma cell lines was predicted by previous studies using COS-1 cells, the relative lack of pMEK activity is unexpected (Wan et al., 2004) . In addition to having very low MEK activity, the D594G-and G469E-mutated melanoma lines were also highly resistant to the MEK inhibitor U0126. These results agree with previous studies suggesting that the presence of the BRAF V600E mutation is predictive of response to MEK inhibition (Solit et al., 2006; Haass et al., 2008) . Interestingly, it was found that the lowest activity BRAF mutant (D594G) was sensitive to the multi-kinase inhibitor sorafenib Nexxavar) . Treatment of the low-activity mutant cell lines with sorafenib led to profound levels of apoptosis. In contrast, no apoptosis was seen in either of the BRAF V600E-mutated cell lines, and only limited apoptosis was seen in the K601E BRAF-mutated cell line. Although sorafenib can inhibit MEK activity, the pro-apoptotic activity observed was found to be MEK independent, as U0126 treatment did not induce apoptosis in any of the cell lines tested. These findings agree with our previous studies, also showing very limited MEK inhibitor-induced apoptosis across a large panel of melanoma cell lines (Smalley et al., 2006; Haass et al., 2008) . One unexpected finding was the ability of sorafenib to induce p53 expression in the 1205Lu cell line in the absence of any apoptosis induction or upregulation of p21 expression. This is likely to be a consequence of the high expression of murine double minute-2 (MDM2), a key negative regulator of p53 activity, in these melanoma cell lines. Previous work from our group has shown that p53-dependent apoptosis proceeds efficiently only when MDM2 expression is suppressed (Smalley et al., 2007a) .
Although sorafenib inhibits the activity of a number of kinases, its highest affinity is actually against CRAF (Wilhelm et al., 2004) . CRAF is known to suppress apoptosis through a direct association with the mitochondria. In agreement with the idea of the sorafenib effects being CRAF mediated, we found that there was a preferential loss of mitochondrial membrane potential only in the melanoma cells with low-activity BRAF mutations. Sorafenib-induced apoptosis has also been associated with the loss of mitochondrial AIF and its relocalization to the nucleus (Panka et al., 2006) . The finding that sorafenib, but not U0126 treatment, led to the loss of mitochondrial AIF expression provides further evidence that the effects of this inhibitor are MEK independent. Although the low-activity mutant melanoma cell lines have low MEK activity, both sorafenib and U0126 were able to block pERK activity in these cells. The fact that sorafenib blocked all pERK activity in the D594G cell line at a 10-fold lower concentration than in the V600E-mutated melanoma cell line again suggested that the preferential effects of sorafenib in the low-activity mutants was a consequence of CRAF inhibition. This idea was confirmed by shRNA knockdown of CRAF, which led to an inhibition of pERK activity in the D594G/G469E lines and not in the V600E-mutated cells. Again, like sorafenib, CRAF knockdown also selectively induced apoptosis in the low-activity mutant melanoma cells, confirming the role of CRAF in the survival of melanomas with low-activity BRAF mutations.
CRAF is known to associate with both the plasma membrane and the mitochondrial membrane (Rapp et al., 2004) . Only the plasma membrane-associated CRAF activates the MAP kinase pathway with the mitochondria-associated CRAF instead regulating apoptosis through direct association with the antiapoptotic protein Bcl-2 (Wang et al., 1996a) . The lack of pro-apoptotic activity in our melanoma cell lines following MEK inhibition suggests that the proapoptotic activity seen in the low-activity BRAF mutant following sorafenib treatment is likely to be MEK independent.
Bcl-2 is a BH3 family domain protein that occupies a convergent site in the extrinsic and intrinsic apoptosis pathways. It protects cells by maintaining mitochondrial integrity, thereby suppressing the release of the proapoptotic proteins cytochrome-C and AIF. The activity of Bcl-2 is regulated through a dynamic balance between the number of pro-and anti-apoptotic complexes formed, with CRAF forming an anti-apoptotic complex with Bcl-2 and BAD forming a pro-apoptotic complex with Bcl-2 (Zha et al., 1996; Wang et al., 1996a) . CRAF is targeted to the mitochondria following its Ser 338 and 339 phosphorylation by p21-activated kinase-1 (Jin et al., 2005) . Once associated with the mitochondria, CRAF binds directly to Bcl-2 and displaces BAD by phosphorylating it at Ser75 (Jin et al., 2005) . The replacement of BAD with CRAF within the Bcl-2 complex serves to alter the life/death balance of the cell and survival ensues. This study shows that melanoma cell lines with D594G and G469E BRAF mutants depend on CRAF for their survival. Inhibition of CRAF activity through either sorafenib or CRAF shRNA treatment leads to a rapid decrease in both Bcl-2 expression and BAD phosphorylation, leading to apoptosis. The wealth of evidence presented in this study suggests that the anti-apoptotic activity of CRAF in these cell lines is independent of MEK activity and is instead mostly a Bcl-2-mediated effect upon cell survival. Treatment of D594G/G469E-mutated cells with sorafenib leads to both loss of mitochondrial integrity (as shown by decreased TMRM staining) and the mitochondrial release of AIF. Furthermore, sorafenib decreases only Bcl-2 and BAD phosphorylation in the D594G/G469E-mutated cell lines, which are known to signal through CRAF, and not those with either the K601E or the V600E BRAF mutations. Although NRAS-mutated melanomas are also known to signal through CRAF (Dumaz et al., 2006) , we did not observe similar sorafenib-mediated effects in cell lines with NRAS mutations, suggesting there may be other survival mechanisms within this particular genetic subgroup.
In summary, we have identified for the first time a subgroup of melanomas with low-activity mutants in BRAF that instead rely on CRAF signaling for their survival. Striking responses were seen in these melanoma lines to sorafenib, now an FDA-approved drug for renal cell and hepatocellular carcinoma. Previously conducted single-agent and chemotherapy-combination trials with sorafenib in melanoma have included patients regardless of the BRAF mutation status of their tumors. Among the subset of patients who received benefit from sorafenib, our data support analysis of these patients' tumors for the presence of low-activity BRAF mutations. We believe that there is a clear rationale for the further clinical testing of this compound in melanoma with a new focus on those melanomas with CRAF dependency.
Materials and methods

Cell culture
Human melanoma cells were isolated and cultured as described by Smalley et al. (2005) . The lentiviral vector shRNA constructs for Bcl-2, CRAF and scrambled controls were from Sigma (St Louis, MO, USA). Lentirviral infections were performed as described previously (Smalley et al., 2005) . TdT-mediated dNTP nick end labeling staining was performed as described previously (Smalley et al., 2007a) .
Adherent cell proliferation analysis
Cells were plated into a 96-well plate at a density of 2.5 Â 10 4 cells per ml and left to grow overnight. Cells were treated with increasing concentrations of U0126 (Calbiochem, CA, USA) or sorafenib (Bayer Corporation, Wayne, NJ, USA) in triplicate; after 72 h, the levels of growth inhibition were examined using the MTT assay (Smalley et al., 2007b) . Data show the mean of at least three independent experiments ± the s.e.m.
Western blot analysis
Proteins were extracted and blotted as described by Smalley et al. (2005) . In some studies, mitochondrial and cytoplasmic cellular fractions were prepared using a fractiontionation kit (Calbiochem). After analysis, western blots were stripped once and reprobed for b-actin to demonstrate even protein loading. Antibodies to pERK, total ERK, pMEK, phospho-PTEN, total PTEN, caspase-3, phospho-BAD, phospho-AKT and total AKT were obtained from Cell Signaling Technology (Beverly, MA, USA), and the antibodies to AIF, CRAF and Bcl-2 were obtained from Santa Cruz (Santa Cruz, CA, USA).
In vivo melanoma xenograft studies The study protocol was approved by the Wistar Institute Animal Care and Use Committee. Each group consisted of five SCID CB-17 mice (Charles River Laboratories, Wilmington, MA, USA). Ten mice were injected subcutaneously with either WM3629 or 1205Lu cells (2 Â 10 6 ) in Matrigel into the lower back. When animals had developed melanoma nodules of about 5 mm in diameter, the study drug administration was initiated (day 1): the SCID mice were randomly assigned to the two experimental groups of five animals each-(1) 200 ml vehicle (Cremophor EL (12.5%)/ethyl alcohol (12.5%)/distilled water (75%)), (2) 60 mg/kg sorafenib tosylate (in 200 ml vehicle) three times per week by oral gavage over a period of 14 days. Tumors were measured twice a week using digital calipers. Tumor volume was calculated as a product of the three dimensions. Tumor shrinkage was calculated as a foldchange relative to the starting volume. At treatment day 14, one hour after the final drug application, all animals were euthanized. In other studies, mice (6 per group) were injected with WM3629 cells (2 Â 10 6 ) in Matrigel into the lower back infected with either scrambled shRNA control or clone1/3 of the CRAF shRNA. Animals were then monitored for melanoma growth over a 6-week period with tumor measurements being made once per week.
